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I. INTRODUCTION

The regenerative liquid propellant (RLPG) gun concept offers a possible
replacement for solid propellant cannons on future battle tanks. The current
120-mm solid propellant (SP) gun using JA2 granular propellant develops a
maximum pressure of 519 MPa 'and accelerates a 7.12 kg projectile to 1670 m/s
in a projectile travel of 4.75 m. The advantages of the RLPG relative to the
equivalent SP gun are:

a. More ammunition can be stored aboard the tank. The liquid propellant
occupies significantly less space than does the equivalent solid propellant
charges. This results in an increase in the number of rounds from 40 to 56.1

b. Mechanical control of the rate of injection of liquid propellant into
the gun combustion chamber can be used to shape the pressure-time curve.
Optimum control will result in a flat-topped pressure-time curve and a higher
muzzle velocity for a given maximum chamber pressure.

c. There is no secondary muzzle flash,2 since liquid propellant
combustion products will not react with air.

The disadvantages of the RLPG are:

a. Greater mechanical complexity, because of the presence of a
regenerative propellant injection mechanism in the breech of the gun.

b. Higher breech pressures because of the hydraulic diffe-ential
pressure needed to inject the liquid into the combustion chamber. This can
amount to a pressure increase of about 200 MPa, requiring a heavier gun.

In this study we investigate the ballistic performance of a conceptual
120-mm RLPG in comparison with an equivalent solid propellant system. Both SP
and pIP(' interior ballistic simulation models were used in this study to
evaluate ballistic performance and to provide guidelines for the design of
such a gun.

This interior ballistics study was performed as part of a mort detailed
systems study investigating the application of the RLPG in a tank. Figures 1
and 2 from that study show a cutaway view of the conceptual RLPG tank cannon
mounted in the modified MIAI vehicle and an external view of the RLPG cannon.
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II. SIMUIATIOkN MODELS

In the overall simulation of a high performance tank gun firing a saboted
kinetic energy (KE) penetrator, we use model. which will allow us to:

a. Determine the mass of a sabot capable of supporting a fin-stabilized
KE penetrator in the gun bore and capable of withstanding the launch stresses.

b. Estimate the interior ballistic performance of the gun when
projectile, gun, and propellant parameters are varied.

c. Estimate the external configuration and weight of the gun, recoil
system, and loader in sufficient detail to conduct a vehicle integration
study.

1. SABOT MODEL

The model '. ed to estimate sabot weight was developed by Drysdale. 3

Given the geometry and weight of the penetrator, the physical properties
(density, stress characteristics, etc) of the sabot, the maximum projectile
base pressure, and the maximum projectile acceleration, the model estimates
the sabot weight and thus the total in-bore weight of the projectile. The
derivation of the algebraic equations used in the model and the assumptions
made in the derivations are discussed in reference 3.

2. SP AND RLPG INTERIOR BALLISTIC MODELS

The first of the thrie interior ballistic models used in this stgdy is
the SP gun model, IBLVG2, which is based on the earlier Baer-Frankle model.
The IBHVG2 model numerically integrates the ordinary differential equations
describing the interior ballistic process of the SP gun. The model is widely
used at the BRL and elsewhere to simulate the interior ballistic performance
of a wide variety of guns.

The first RLPG model was developed by Coffee. 6  It is similar to the
IBHVC2 model in that the physics of the RLPG are described by ordinary
differential equations. whichlare then numerically integrated. Tho second
model was developed by Cough.' Unlike the IBHVG2 and Coffee models; the
Cough model integrates ordinary differential equations which describes piston
motion and propellant injection and combustion. and one-dimensional partial
differential equations which describe the flow of burning liquid droplets and
gas in the barrel. Barrel pressure gradient in the IBHVG2 model was described
by the Pi duck-Kent equations a"d in the CoffCe 4odel by modified Lagrange
"•quations which takes into account the velocity of the gas flow into the
breech end of the barrel. All three models assume heat loss to the bore, and
bore friction between projectile and the bore.

4



III. GROUND RULES

1. PROJECTILE DESIGN

In this study, we consider a broad range of projectile in-bore ma.sss.
Using the sabot model we compute a series of sabot masses and in-bore
projectile masses making a conservative assumption that thi maximum in-*.o<re
projectile base pressure and acceleration would core'qspord to the maxi%;.m
chamber pressure of 500 MPa. This resulted in a set of in-bore projezt.!.e
masses ranging from roughly 5 to 13 kg. For this study, only the tote' in-
bore masses are important.

2. RLPG GUN DESIGN

Pasko,9 GEOSD, developed two conceptual RLPG designs for , 120-mm tank
gun, see Figures 3 and 4. The primary constraint was that the .-annon fit into
the present space for the tank gun. The most efficient cannc-n envelope was
obtained using a reverse annular piston (RAP) design, Figure 3.

In the RAP configuration, the piston .s mounted around the gun barrel,
and moves in the same direction as the projectile. As the piston moves, the
propellant is injected from the liquid reservoir into the combustion chamber.
The gas then flows into the gun barrel. It is also possible to inject
propellant from the liquid reservoir directly into the gun barrel. The piston
was designed to survive the stresses placed on it during acceleration end
deceleration, and the piston mass was then calculated based on this design as
76.7 kg. The projectile travel is based on the maximum desired length of the
gun tube. The projectile must be offset from the end of the combustion
chamber to leave room for the fins. Table I shows the dimensions for t'ie RAPgun.

TABLE 1. Reverse Annular Piston Gun Dimensions

Volume Cross-Sectional
Are

liters CMr

Liquid Reservoir: 11.7 547.1
Intermediate Chamber: 3.19 743,9
Combustion Cham-ber: 4.9Ž 452.4
Piston Orifice: 53.6
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To model this configuration, we need to choose not only the size of the
vent in the ptston, but also the size of the vents between the intermediate
and combustion chamber and between the liquid reservoir and the gun tube.
The vent into the gun tube normally opens during the firing. We moreover must
choose when and how rapidly this vent opens. The gun performance depends
strongly on the choice of the various vent sizes. At the moment we do not
hays enough experience to choose these vent sizes intelligently. So for
simplicity, the in-line annular piston (IAP) configuration was utilized for
this study.

The dimensions of the liquid propellant injector are chosen to preserve
the hydraulic difference of 1.4 between the liquid reservoir and the
combustion chamber. The IAP configuration consists of a central bolt
surrounded by the piscon. Normally, the bolt is tapered, such that the liquid
reservoir is initially closed. As the piston moves, the vent area graduaily
increases. The bolt has a long straight section, where the vent area is
constant. Finally, the piston must be decelerated, either by tapering the
bolt to comprets the liquid propellant or by a buffer acting on the piston
shaft. For this level of approximation, we do not consider the optimum design
for the bolt taper. Instead, we use a constant radius bolt, and the vent area
is then fixed for the entire piston motion. The pistoxI dimensions are also
kept constant. The vent area is changed by varying the size of the central

* bolt. Dimensions are given in Table 2.

TABLE 2. In Line Piston Gun Dimensions

Volume Cross-Sectional
Are•

liters cm

Liquid Reservoir: 11.7 719.6
Combustion Chamber: 8.11 916.3
Piston Orifice: 226.0

For the comparative purposes of this study, we assume a hypothetical
liquid propellant, more energetic than those presently used. This pseudo

*• propellant, called liquid JA2, has the thermochemical properties of the solid
p•:opellant JA2, and the physical properties of the liquid propellant LGP1846.
This also makes it convenient to iompare our results with a solid propellant
gun model. The properties of all the propellants considered in this study are
given in Table 3.

m8
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TABLE 3. Propellant Properties

Propellant Type: SP-JA2 LGP-JA2 LGP-1845* LGP-1846*

Density (g/cc): 1.578 1.430 1.461 1.430

Bulk modulus (MPa): ----- 5103.5 5103.5 5103.5

Bulk modulus derivative: 8.2173 8.2173 8.2173

Chemical energy (j/g): 5067 5067 4556 4293

Specific heat ratio: 1.225 1.225 1.214 1.219

Molecular weight (g/mole): 24.865 24.865 23.074 22.849

Covolume (cc/g): 0.996 0.996 0.720 0.693

The projectile properties are given in Table 4. The projectile mass was
varied over the range of interest, as indicated above. For the sake of
siwplification, the original offset of the projectile is taken to be zero.
Hence the init"Il volume of the system is just the sum of the liquid riservoir
and combustion chamber vo±umes. Empirical models for the air shock in front
oi the projectile and the heat loss to the gun tube are included. The heat
loss model 13 adlusted such that approximately 5% of the energy in the system
is lost to the tubn wdlls, comparable to standard assumptions in solid
propellant simulations.

TABLE 4. Projectile Properties

Offset: 0.0 cm

Iravel: 629.9 cm

Gun ',%be Diameter: 12.0 cm

Shot S.art Pressure: 34.0 MPa

irictional Resistance: 5.5 KPa

Additional assumptions were required in order •o conduct the computer
simulations. The flow into the combustion ch,-mber is governed by a steady

*Obsolete Data. Current data m~y be obtained by a request to the authors.
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state Bernoulli equation. The losses in this process are lumped into the
discharge coefficient, which is given a typical value of 0.75. There should
be some liquid accumulation In the combustion chamber, especially early in the
gun cycle when pressures are low. But a reasonable approximation 5 is to
assume that the liquid combusts instantaneously as it enters the combustion
chamber. The gas flow into the gun tube is assumed to be isentropic with a
discharge coefficient of one. The pressure in the gun tube is assumed to
follow a Lagrange pressure distribution which has been modified to take into
account the non-zero fluid velocity into the throat of the gun tube. The
liquid in the reservoir is normally pre-pressurized to 7.0 MPa in order to
reduce the effects of gas bubbles. Finally, the burning of the primer is not
modeled in detail. Rather, it is assumed that the primer has burned
completely at the start of the simulation, leading to an initial pressure in
the combustion chamber of 15.0 MPa.

The maximum pressure allowed in the reservoir is 700 MPa. In this study,
we are seeking the best performance possible with the desired pressure limits.
So the vent area is adjusted until the maximum liquid pressure reaches
700 MPa. As a result of the hydraulic difference chosen, this will usually
guarantee that the gas pressure does not exceed 500 MPa.

3. INTERIOR BALLISTIC SIMULATIONS - 120-mm GUN

Preliminary calculations were conducted using both the Gough and the
Coffee models. The predicted muzzle velocities agreed to within a fraction of
a percent. Since the Coffee code runs more rapidly, it was used for the
majority of the calculations in this study.

The total initial volume of the gun is the sum of the liquid reservoir
and combustion chamber volumes. This volume can be varied to some degree and
still fit into the designated space. It is important in optimizing system
performance to choose reasonably good values for these volumes.

The initial liquid reservoir volume was chosen to match propellant charge
weight (16.7 kg). To determine the effect of loading density on performance,
the charge was fixed and the combustion chamber volume was varied.

To cover the extreme cases, the lightest and the heaviest projectile
masses were considered. The chamber volume was then varied between 2 and 10
liters. In each case, the vent area was adjusted such that the maximum liquid
pressure obtained was 700 MPa. Results are given in Figures 5 and 6 in terms
of loading density (charge/initial volume).

For the light projectile, the muzzle velocity is quite high. The vent
area is chosen to be fairly large, since the projectile accelerates rapidly,
opening up a larger area in the gun tube. The best performance occurs for a
low chamber volume, which corresponds to a loading density of about 1.1 &/cc.
For the heavy projectile, the vent area must be kept smaller, since the
projectile moves more slowly, and the best performance occurs for a larger
chamber volume corresponding to a loading density of about 0.85 g/cc. Based

10
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tcn these results, an initial chamber volume of 6 liters was chosen. This is
close to the best possible performance for both projectiles.

To determine the effect of varying the charge, the liju'idreservoir
volume was varied with the chamber volume kept constant at 6 liters. This
changes the ratio of the propellant charge to the projectile mass (C/M).
Figures 7 and 8 show the results for the lightest and heaviest projectiles
respectively. The symbols mark the default values of propellant charge used
above. For the light projectile, the charge to mass ratio is just about
optimum. For the heavy projectile, a slight increase in performance is
possible by increasing the ch-. '8 mass. We chose to fix the propellant charge
at 16.7 kg.

2100.0 100.0

205o.0 90.0

S" .96.00

"2) . * U
0

0 1950.0 L
,j "0*o

r -94.0
S1900.0- MD.•
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1.0 2.0 3..0 .0 S.0
Charge to tMass rot.Lo

Figure 7. Muzzle Velocity vs Charge to Mnss Ratio for the
RLPG Usinpg the Liphrest Project le. L120 -rnimo,•,
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Figure 7 shows unusual behavior in the vent area. For the smallest
charge, the fuel burns out just as the pressure limit of 700 MPa is reached.
As the charge increases, the vent area must decrease. A slightly slower
injection rate allows the liquid pressure to remain under 700 HPa for the
longer injection stroke, Eventually, we reach the point where the length of
the liquid column becomes important. For a larger liquid reservoir, it takes
longer to compress the liquid, which delays the injection. At a charge to
mass ratio of about 1.9 we reach the transition point, and the vent must be
chosen larger to keep up the injection rate. Finally, for very large charges,
the long liquid column length actually decreases the performance.

Using the above optimum values for liquid and combustion chamber volumes
(liquid volume- 11.7 liters, liquid weight - 16.7 kg, and chamber volume- 6
liters), the muzzle velocity was then computed over the range of projectile
weights (Figure 9). For comparison, the velocities predicted using two actual

14
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WAN propellants are also given. Assuming a more evergetic propellant
increases the performance by about 100 m/s.

Calculations were also done for the SP gun, using the IBIIVG2 model. In
each case, the propellant web was varied in order to obtain a maximum pressure
of 500 MPa. The same loading density (0.95) as for the RLPG was used. The
muzzle velocities were similar to the RLPC model using the HAN propellants
(Figure 10).
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a The SP predictions using JA2 propellant were expected to be comparable
with those of the RLPG with liquid JA2. Instead, the muzzle velocities were
substantially lower. This can be explained by comparing muzzle velocity
versus loading density curves for both the SP and RLPG models (Figure th)i
The standard projectile weight of 7.12 kg was used, and two different charge
weights were considered, 8.1 kg and 16.7 kg.

-- In each case, the SP performance drops off sharply with increasing
S~loading density. The RLPG has an advantage in this regime, since the liquid

can be injected and hence burned gradually, while the entire SP charge is
S....exposed to the combustion chamber conditions. The SP web must be increased in

order to stay within the maximum pressure limit, but combustion is then less
_. efficient, and burnout does not occur prior to projectile exit. For this

reason, the RLPG is relatively more efficient for a larger charge.
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The optimum loading desity for the SP from Figure 11 is around 0,75.
Therefore, a series of calculations using this loading density (Figure 10)

were also done. Note that decreasing the loading density requires that the

chamber volun•e be increased by about 5 liters. The SP velocities are closer
to, though still below those of the RLPG with liquid JA2.

4. INTE.RIOR BALLISTIC SIMUI.ATI(•NS - 140-=m GUN

We would also like to know if improved performance is possible by
replacing the 120-ram gun with a 140-mm gun•. As in the 120-mm- study, we choose
to use an in-line liquid propellant In~jector for this gun. As a first
approximation, we used the same reservoir and chamber dimensions as for the
120-ma gun, and just attAched a larger gun tube.

17



The same set of penetrators were used. Because of the larger gun tube,
the sabot weight must be increased. Thus the total in-bore projectile weights
are heavier ranging from about 6 kg to 15 kg.

As before, we did a preliminary set of runs varying the chamber volume
(Figures 12 and 13). For the light projectile, the best performance is
obtained when the combustion chamber is as small as possible (high loading
density). Since the gun tube is larger, a larger volume is opened up as the
light projoctile is accelerated. Thus the maximum chamber pressure is less
likely to exceed the desired limit.

22O0.0 160.0

S217.0 1.0o.o
E

.sJ

U
o o2150.0 . l.0o

* * C

' 2125.0 3.

0. .,, 0.9 .0 .1.2 1.3
Loodi,• densizt (9/ccl

Figure 12. Muzzle Velocityvvs LmiAdi Density, for thm RLPG
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For the heavy projectile, a larger chamber volume is better, since the
projectile does not accelerate as rapidly. If the chamber volume is too

small, the vent area must be made very small to prevent over-pressurization.

There is no longer a good comj,&='.ze value for the Initial chamber
volume. For the sake of consistency. we use to same value as used for the
120-mm study (6.0 liters),

"We also varied with charge weight. with the initial chawber volumo fixed
at 6.0 liters. The results are shovn in Figures 14 and 15. In this case,
better performance for both the light and the heavy projectile can be obtained
by increasing the initial charge. This would of course result in a larger
gun. For the purposes of comparison with the 120--mm cases, we keep the sa-be

initial reservoir volu=e of 11.7 liters.

i
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The results for our series of projectile weights are given in Figure 16.

The curve is similar to the 120-mm curve (also shown). The muzzle velocities
average about 2.5% larger. So a slight increase in performance can be
obtained by using the larger 140-mm gun. This can be increased further if it

is possible to increase the charge weight.
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IV. DISCUSSION AND CONCLUSIONS

Simulations were carried out using a SP gun model and two RLP gun
models. The RLP gun models using "liquid JA2" predicted muzzle velocities
slightly higher than the SP gun model with JA2, If actual liquid propellants
LGPI845 or LGP!SG6 are used instead, the performance is lowered by 5% to 10%.
These results highlight the need for higher energy liquid propellants.

For the RLP gun models, a simple cylindrical center rod in the LP
injector was used. Additional increases in performance can be obtained by
using a tapered rod or other means to tailor the propellant injection and thus
pressure time curve. Also, a buffer to slow down the piston at the end of its
stroke will result in lower liquid pressures, allowing the vent area to be
chosen larger. further increasing the performance.
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The RLP and SP gun models show some interesting differences. In
particular, the optimum loading density for a SP gun is sharply peaked.
Increasing propellant charge forces a web increase so as to stay within the
pressure limits, causing a performance decrease. The RLP gun instead shows a
broad maximum for perfotmance versus loading density. The fact that the
propellant is injected gradually makes the choice of the charge weight less
critical.

Based on these computer simulations, it appears that the RLP gun is
capable of providing performance equivalent to that of high performance solid
propellant guns. The advantages of the LP are realized at the system level in
the tank, particularly for the very high C/M, high gun velocities.

The advantages of the RLP gun system include: increased ammunition
stowage (56 rounds instead of the current 40 in the MIAl) while doubling the
C/M thus increasing gun performance; simplification of autoloader design since
only the projectile is handled mechanically; and reduced system vulnerability
due both to the low vulnerability characteristics of the HAN-based UPs and the
ability to stow the propellant external to the crew compartment.

23



REFERENCES

1.. VanDerwerken, J.M., "High Performance Regenerative Liquid Propellant Gun
Study," BRL-CR-550, February 1986.

2. Baer, P.G., May, I.W., and Morrison, W.F., "Comparison of Predicted
Muzzle Flash for Solid and Regenerative Liquid Propellant Guns," Proc.
14th JANNAF Plume Technology Mtg., China Lake CA, 1983.

3. Drysdale, W.H., "Design of Kinetic Energy Projectiles for Structural
Integrity," Ballistic Research Laboratory Technical Report ARBRL-TR-
02365, 1981.

4. Anderson, R.D. and Fickie, K.D., "IBHVG2 - A User's Guide," Ballistic
Research Laboratory Technical Report No. 2829, in print.

5. Baer, P.G. and Frankle, J.M., "The Simulation of Interior Ballistic
Performance of Guns by Digital Computer Program," Ballistic Research
Laboratory Technical Report No. 1183, 1961.

6. Coffee, T.P., "A Lumped Parameter Code for Regenerative Liquid
Propellant Guns," Ballistic Research Laboratory Technical Report BRL-TR-
2703, 1985.

7. Gough, P.S., "A Model of the Interior Ballistics of Hybrid Liquid
Propellant Guns," Ballistic Research Laboratory Contract Report, CR-566,
1987.

8. Morrison, W.F., Bulman, M.J., Baer, P.G., and Banz, C.F., "The Interior
Ballistics of Regenerative Liquid Propellant Guns," Proceedings of the
1984 JANNAF Propulsion Meeting.

9. Pasko, W., General Electric Ordinance System Division, private
communciation.

25



DISTRIBUTION LIST

No. of No. of
copies Organization Cpies Orrganization

12 Commander 3 Director
Defense Technical Info Center Benet Weapons Laboratory
ATTN: DTIC-DDA Armament R&D Center
Cameron Station US Army AMCCOM
Alexandria, VA 22304-6145 ATTN: SMCAR-LCB-TL

E. Conroy
Director A. Graham
Defense Advanced Research Watervliet, NY 12189

Projects Agency
ATTN: H. Fair 1 Commander
1400 Wilson Boulevard US Army Armament, Munitions
Arlington, VA 22209 and Chemical Command

ATTN: SMCAR-ESP-L
HQDA Rock Island, IL 61299-7300
DAMA-ART-M
Washington, DC 20310 1 Commander

US Army Aviation Research
Commander and Development Command
US Army Materiel Command ATTN: AMSAV-E
ATTN: AMCDRA-ST 4300 Goodfellow Blvd.
5001 Eisenhower Avenue St. Louis, MO 63120
Alexandria, VA 22333-0001

1 Commander
13 Commander Materials Technology Lab

Armament R&D Center US Army Laboratory Cnd
US Army AMCCOM ATTN: SLCMT-MCM-SB
ATTN: SMCAR-TSS M. Levy

SMCAR-TDC Watertown, MA 02172-0001
SMCAR-SCA, B. Brodman

R. Yalamanchili 1 Director
SMCAR-AEE-B, D. Downs US Army Air Mobility Rach.

A. Beardell and Development Lab.
SMCAR-LCE, N. Slagg Ames Research Center
SMCAR-AEE-B, W. Quine Moffett Field, CA 94035

A. Bracuti
J. Lannon 1 Commander

SMCAR-CCH, R. Price US Army Communications
SMCAR-FSS-A, L. Frauen Electronics Command

SMCAR-FSA-S, H. Liberman ATTN: AMSEL-ED
Picatinny Arsenal, NJ Fort Monmouth, NJ 07703
07806-5000

1 Commander
ERADCOM Technical Library
ATTN: STET-L
Ft. Monmouth, NJ 07703-5301

27



DISTRIBUTION LIST

No. of No. of
Copies Organization Copiet organization

I Commander 1 Cmmander
US Army Harry Diamond Labs Armament Kch & Dev Ctr
ATTN: SLCHD-TA-L US Army Armament, Munitions
2800 Powder Mill Rd and Chemical Command
Adelphi, MD 20783 ATTN: SMCAR-CCS-C, T Hung

Picatinny Arsenal, NJ
Commander 07806-5000
US Army Missile Command
Rsch, Dev, & Engr Ctr 1 Commandant
ATTN: AMSMI-RD US Army Field Artillery
Redstone Arsenal, AL 35898 School

iATTN: ATSF-CMW
Commander Ft Sill, OK 73503
US Army Missile & Space

Intelligence Center 1 Commandant
ATTN: AIAMS-YDL US Army Armor Ceanter
Redstone Arsenal, ATTN: ATSB-CD-XTD
AL 35898-5500 Ft Knox, KY 40121

Commander 1 Commander
US Army Belvoir R&D Ctr US Army Development and
ATTN: STRBE-WC Employment Agency

Tech Library (Vault) B-315 ATTN: MODE-TED-SAB
Fort Belvoir, VA 22060-5606 Fort Lewis, WA 98433

I Commander 1 Commander
US Army Tank Automotive Cmd Naval Surface Weapons Center
ATTN: AMSTA-TSL ATTN: D.A. Wilson, Code G31
Warren, MI 48397-5000 Dahlgren, VA 22448-5000

1 Commander 1 Commander
US Army Research Office Naval Surface Weapons Center
ATTN: Tech Library ATTN: Code G33, J. East
P.O. Box 12211 Dahlgren, VA 22448-5000
Research Triangle Park,NC
27709-2211 2 Commander

US Naval Surface Weapons Ctr.
Director ATTN: 0. Dengel
US Army TRADOC Systems K. Thorsted

Analysis Activity Silver Spring, MD 20902-5000
ATTN: ATAA-SL
White Sands Missile Range 1 Commander
NM 88002 Naval Weapons Center

China Lake, CA 93555-6001
Comnandant
US Army Infantry School 1 Commander
ATTN: ATSH-CD-CSO-OR Naval Ordnance Station
Fort Benning, GA 31905 ATTN: C. Dale

Code 5251

Indian Head, MD 20640

28



DISTRIBUTION LIST

No. of No. of

Copies Organization Copies Organization

Superintendent 10 Central Intelligence Agency
Naval Postgraduate School Office of Central Reference
Dept of Mechanical Eng. Dissemination Branch
ATTN:. Code 1424, Library Room GE-47 HQS
Monterey, CA 93943 Washington, DC 20502

1 AFWL/SUL 1 Central Intelligence Agency
Kirtland AFB, NW 87117 ATTN: Joseph E. Backofen

HQ Room SF22
Air Force Armament Lab Washington, DC 20505
ATTN: AFATL/DLODL
Eglin, AFB, FL 32542-5000 3 Bell Aerospace Textron

ATTN: F. Boorady
AFOSR/NA (L. Caveny) F. Picirillo
Bldg. 410 A.J. Friona
Bolling AFB, DC 20332 Post Office Box One

Buffalo, NY 14240

Commandant
USAFAS 1 Calspan Corporation
ATTN: ATSF-TSM-CN ATTN: Tech Library
Ft Sill, OK 73503-5600 P.O. Box 400

Buffalo, NY 14225
US Bureau of Mines
ATTN: R.A. Watson 7 General Electric Ord. Sys Dpt
4800 Forbes Street ATTN: J. Mandzy, OP43-220

Pittsburgh, PA i5213 R.E. Mayer
H. West

Director M. Bulman
Jet Propulsion Lab R. Pate
ATTN: Tech Libr I. Magoon
4800 Oak Grove Drive J. Scudiere
Pasadena, CA 91109 100 Plastics Avenue

Pittsfield, MA 01201-3698
2 Director

National Aeronautics and 1 General Electric Company
Space Administration Armanent Systems Department

ATTN: MS-603, Tech Lib ATTN: D. Maher
MS-86, Dr. Povinelli Burlington, VT 05401

21000 Brookpark Road
Lewis Research Center IITRI
Cleveland, OH 44135 ATTN: Library

10 W. 35th St.
Director Chicago, IL 60616
National Aeronautics and

Space Administration 1 Olin Chemicals Research
Manned Spacecraft Center ANT'N: David Gavin

Houston, TX 77058 P.O. Box 586
Chesire, CT 06410-0586

29



DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization

2 Olin Corporation 2 University of Delaware
ATTN: Victor A. Corso Department of Chemistry

Dr. Ronald L. Dotson ATTN: Mr. James Cronin
P.O. Box 30-9644 Professor Thomas Brill
New Haven, CT 06536 Newark, DE 19711

Paul Gough Associates I U. of ILLinois at Chicago
ATTN: Paul Gough ATTN: Professor Sohail Murad
PO Box 1614 Dept of Chemical Eng
Portsmouth, NH 03801 Box 4348

Chicago, IL 60680
Safety Consulting Engr
ATTN: Mr. C. James Dahn 1 U. of Maryland at
5240 Pearl St. College Park
Rosemont, IL 60018 ATTN: Professor Franz Kasler

Department of Chemistry
Science AppliLations, Inc. College Park, MD 20742
ATTN: R. Edelman
23146 Cumorah Crest I U. of Missouri at Columbia
Woodland Hills, CA 91364 ATTN: Professor R. Thompson

Department of Chemistry
Sundstrand Aviation Oper. Columbia, MO 65211
ATTN: Mr. Owen Briles
P.O. Box 7002 1 U. of Michigan
Rockford, IL 61125 ATTN: Prof. Gerard M. Faeth

Department of Aerospace
Veritay Technology, Inc. Engineering
ATTN: E. B. Fisher Ann Arbor, MI 48109-3796
4845 Millersport Highway,
P.O. Box 305 1 U. of Missouri at Columbia
East Amherst, NY 14051-0305 ATTN: Professor F. K. Ross

Research Reactor

Director Columbia, MO 65211
Applied Physics Laboratory
The Johns Hopkins Univ. I U. of Missouri at Kansas City
Johns Hopkins Road Department of Physics
Laurel, Md 20707 ATTN: Prof. R.D. Murphy

1110 East 48th Street
2 Director Kansas City, MO 64110-2499

Chemical Propulsion Info
Agency 1 Pennsylvania State University

The Johns Hopkins Univ. Dept. of Mechnical Eng
ATTN: T. Christian ATTN: K. Kuo

Tech Lib University Park, PA 16802
Johns Hopkins Road
Laurel, MD 20707

30

Ilk UV I^ IN V% UN IN '] I k 1 A 'j. F -A WAf .E V W



DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization

2 Princeton Combustion Rsch
Laboratories, Inc.

ATTN: N.A. Messina
M. Summerfield

475 US Highway One North
Monmouth Junction, NJ 08852

1 University of Arkansas
Department of Chemical

Engineering
ATTN: J. Havens
227 Engineering Building
Fayetteville, AR 72701

Aberdeen Proving Ground

Dir, USAMSAA
ATTN: AMXSY-D

AMXSY-MP, H. Cohen

Cdr, USATECOM
ATTN: AMSTE-TO-F

CDR, CRDEC, AMCCOM
ATTN: SMCCR-RSP-A

SMCCR-MU
SXCCR-SPS-IL

31



USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the
reports it publishes. Your coments/answers to the items/questions below will
aid us in our efforts.

1. BRL Report Number Date of Report

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or
other area of interest for which the report will be used.)

4. How specifically, is the report being used? (Information source, design
data, procedure, source of ideas, etc.)

S. Has the information in this report led to any quantitative savings as far
as man-hours or dollars saved, operating costs avoided or efficiencies achieved,
etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future
reports? (Indicate changes to organization, technical content, format, etc.)

Name

CURRENT Organization
ADDRESS Address

City, State, Zip

7. If indicating a Change of Address or Address Correction, please provide the
New or Correct Address in Block 6 above and the Old or Incorrect address below.

Name

OLD organization
ADDRESS

Address

City, State, Zip

(Remove this shuet, fold as indicated, staple or tape closed, and mail.)

-- - -- -



FOLD HERE

Director
US Army ballistic Research Laboratory N POSTAGE

ATfN: DRXBR-OD-ST NECESSARY

Aberdeen Proving Ground, MD 21005-5066 IN THE
.UNITED STATES

OFICIAL BUSINESS BS

PENALTY FOR PRIVATE USE. $W BUSINESS REPLY MAIL
FIRST CLASS PERMIT NO 12062 WASHINGTON,0C

POSTAGE WILL BE P=i BY OEWJ•TMENT OF THE ARMY

Director
US Army Ballistic Research Laboratory
ATrN: DRXBR-OD-ST
Aberdeen Proving Ground, MD 210S0-9989

FOLD UERE --


